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Abstract 
A new multi-turn tandem time-of-flight (TOF) mass spectrometer‘MULTUM-TOF/TOF’ has been designed and constructed. It 
consists of a MALDI ion source, a multi-turn TOF mass spectrometer, a collision cell and a quadratic-filed ion mirror. The multi-
turn TOF mass spectrometer can overcome the problem of precursor ion selection in TOF due to insufficient time separation 
between two adjacent TOF peaks by increasing the number of cycles and as a result increasing the total time-of-flight. The 
quadratic-field ion mirror allows temporal focusing for fragment ions with different kinetic energies. Tandem mass spectra of 
angiotensin I have been obtained. The fragmentions mainly observed are a result of high-energy collision induced dissociation 
(CID). © 2008 Elsevier B.V.
PACS:82.80.Rt; 41.85.-p; 41.85.Lc 
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1. Introduction 
Molecular structure elucidation by means of matrix-assisted laser desorption/ionization (MALDI) and tandem 
mass spectrometry (MS/MS) has gained wide recognition as an informative and effective method in structural 
biochemistry[1, 2]. The pulsed nature of MALDI allows the use of relatively simple time-of-flight (TOF) mass 
spectrometers, which can generate a complete mass spectrum per ionization event with, in principle, an unlimited 
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mass range. The capability of TOF mass spectrometers to collect all ions simultaneously makes them suitable as the 
second stage (MS2) of tandem mass spectrometers with a MALDI ion source. Tandem mass spectrometers, in which 
a magnetic sector [3], an ion trap [4] or a quadrupole [5] have been used as the first stage (MS1) with TOF mass 
spectrometer as MS2 have been developed. Instruments in which both stages are TOF mass spectrometers have also 
been developed [6-9].  
In MALDI TOF instruments, the MS/MS experiments have been at the beginning limited to post source decay 
(PSD) [10] analysis or in-source decay (ISD) [11]. Both phenomena represent metastable fragmentation of the 
precursor ions occurring at different times and in different positions within the instrument. However, in both cases 
ion dissociation is induced by the excess of internal energy gained either by the laser pulse during the ionization step 
or during the accelerating step from collisions with neutral particles. An alternative approach for performing MS/MS 
requires the presence of a collision chamber, in which fragmentation occurs via collisions with an inert gas. For 
molecules with m/z greater than 1000, fragmentation becomes more efficient at laboratory-frame collision energies 
in the order of keVs [12]. Of all tandem instruments mentioned above, only the magnetic sector-TOF and TOF-TOF 
instruments have been used for high energy CID (> 3keV laboratory frame collision energy). Recently, various types 
of tandem TOF mass spectrometers have started to be used for the analysis of biomolecules. 
 In tandem TOF mass spectrometers, the precursor ion is temporally focused into the collision cell using a first 
TOF mass spectrometer and the product ions are further analyzed using a second ion mirror TOF analyzer. The 
product ions formed by CID have almost the same velocity as their precursor ion and their kinetic energies are 
proportional to their masses. Time focusing conditions for the whole mass range of the product ions cannot be 
satisfied at the same time using conventional single-stage or double-stage ion mirrors as MS2 in a tandem mass 
spectrometer. It is necessary to scan the reflecting voltage applied to the ion mirrors to achieve high product ion 
resolution throughout the entire mass range [13, 14]. One way to circumvent the problem of stepping the potential of 
the ion mirrors is to maintain the collision cell at a higher voltage than the field-free region, thus decelerating the 
ions before collision, narrowing the range of energy the product ions possess [13]. This approach, however, has 
significant drawbacks, since the center-of-mass collision energy is reduced and ion loss arise from the deceleration 
of ion beam. Another approach requires the initial acceleration of ions to a relatively low kinetic energy and re-
acceleration of the product ions after collision. This approach also uses low center-of-mass collision energy. In an 
ideal experiment, the ion mirror for the second stage of a tandem TOF instrument should collect the whole range of 
product ions in one spectrum without the need to scan the reflecting voltage of the mirror. Ion mirrors with quadratic 
fields [15-17] where the potential distribution along the ion optical axis is represented by Eq. (1) (k, a, and C are 
constants; a is the coordinate at the point of the potential minimum) inherently achieve time focusing independent of 
ion energy and focus simultaneously all the product ions without “floating” the collision cell at an elevated voltage. 
ܷሺݖሻ ൌ ௞
ଶ
ሺݖ െ ܽሻଶ ൅ ܥ (1) 
 The disadvantage of such mirrors is that they are highly defocusing in the transverse direction. Ion mirror with 
curved fields [18] are a way to approximate the quadratic field.  
High mass resolving power of the first stage of a tandem mass spectrometer such as monoisotopic precursor ion 
selection is necessary to derive structural information of peptides and proteins. The advantages of monoisotopic 
precursor ion selection have been articulated in previous publications [19, 20]. To date, the precursor ion selection 
capabilities of a conventional TOF-TOF instrument have been limited in the m/z range relevant to peptides from 
tryptic digests due to basic limits imposed by the spatial separation between adjacent ion packets in the TOF 
instruments employed. 
Therefore a TOF mass spectrometer having very high separation of the ions of similar molecular mass is 
necessary. The mass resolution of a TOF mass spectrometer is directly proportional to its total flight path length. In 
most TOF instruments, the length of the flight path is fixed, and the parameter is proportional to the size of the 
instrument. Thus, the maximum flight path that can be achieved in a typical laboratory instrument is of the order of a 
few meters. In order to circumvent this fundamental limit, it is necessary to place the ions in a closed orbit, and to 
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pass the ions around the same orbit many times. In this way, the path length can be easily extended infinitely. 
Electrostatic multi-pass mirror systems were proposed by Wollnik and Przewloka [21] and constructed by Casares et 
al. [22, 23]. In this type of instrument, ions are reflected by two or more mirrors, and stored between these mirrors. 
Another approach, which was originally proposed by Poschenrieder [24], relies on electrostatic sectors in series. The 
multi-turn TOF mass spectrometers ‘MULTUM Linear plus’ and ‘MULTUM II’ have been developed by Toyoda et 
al. and the mass resolving power greater than 350,000 has been achieved after 500 cycles [25].  
We have already designed and constructed a tandem TOF mass spectrometer, combining a multi-turn TOF mass 
spectrometer as the first analyzer for better than monoisotopic precursor ion selection and a quadratic field ion 
mirror as the second analyzer for high resolution broad energy band width product ion analysis at the University of 
Warwick [26]. It has been demonstrated that the multi-turn TOF mass spectrometer permits monoisotopic precursor 
ion selection and this TOF-TOF instrument provides the capability for high-energy collisions due to the unique 
properties of the quadratic field ion mirror. 
 In this work, we developed a newly tandem TOF mass spectrometer ‘MULTUM-TOF/TOF’ with a multi-turn 
TOF mass spectrometer and a quadratic-field ion mirror at Osaka University. The multi-turn TOF mass spectrometer 
has same dimensions as the previous instrument. The quadratic-field ion mirror was newly designed, because the ion 
mirror of the previous instrument was too large to be combined with the multi-turn TOF instrument.  
The ion optical design concept of this new tandem TOF mass spectrometer, especially the new quadratic-field ion 
mirror, is described in this manuscript. Preliminary results obtained using this instrument are also presented and 
discussed.  
Fig. 1.  Schematic drawing of the tandem TOF mass spectrometer ‘MULTUM-TOF/TOF.’ 
2. Experimental 
2.1. Tandem time-of-flight mass spectrometer ‘MULTUM-TOF/TOF’ 
The goal of this work is the development of a tandem TOF mass spectrometer which can provide high mass 
resolution for monoisotopic precursor ion selection, high energy CID and product ion collection capabilities of the 
whole mass range in one spectrum simultaneously for structural elucidation. The combination of a multi-turn TOF 
mass spectrometer for MS1 and a quadratic-field ion mirror for MS2 will be the most suitable solution for the 
purpose. We designed and constructed a tandem TOF mass spectrometer MULTUM-TOF/TOF. A schematic 
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drawing and a photograph of the instrument are shown in Figs. 1 and 2, respectively. It consists of a MALDI ion 
source, a multi-turn TOF mass spectrometer, a collision cell and a quadratic-field ion mirror. 
Fig.2.Photograph of the tandem TOF mass spectrometer ‘MULTUM-TOF/TOF.’ 
2.2. Ion source 
The two-stage acceleration MALDI ion source, operating at 2-9 ×10-5Pa, was housed in a separate chamber 
attached to the analyzer chamber. The typical acceleration voltage of the ion was 20kV. The sample was introduced 
by means of a target probe which enabled us to move the sample target in a range of 0 and 25 mm under the laser 
beam. A stainless sample plate (15 mm × 25 mm) was attached to the probe. A 337 nm nitrogen laser VSL-337ND-
S (Laser Science, MA, USA) was used for ion production. The sample plate and extraction grid were kept at the 
same voltage (20kV) during laser irradiation. Ions were extracted from the ion source during the application of a 
pulsed voltage (typical amplitude of -1 to -2 kV) to the extraction grid. The pulsed voltage was applied 1 to 1.5 Ps
after laser irradiation. The temporal focal-point of the ion source with its two-stage acceleration and time-lag 
focusing was adjusted to be at the first temporal focal point of the quadratic-filed ion mirror. An einzel lens was 
introduced between ion source and analyzer to control the divergence of the ion beam. 
2.3. First-stage mass spectrometer (MS1): multi-turn time-of-flight mass spectrometer 
A multi-turn TOF mass spectrometer, which consists of four toroidal electrostatic sectors, has been adopted for 
MS1 to achieve the high mass resolution necessary for monoisotopic precursor ion selection. The multi-turn TOF 
mass spectrometer has the same ion optical dimensions as the MULTUM II which had been developed at Osaka 
University [25], but it redesigned in order to improve the precision of manufacturing. The ion optics of the 
MULTUM II, have been described elsewhere in detail [25]. The ion trajectories of the MULTUM II are shown in 
Fig. 3. The mean radius of the toroidal sectors was 50mm, and the deflection angle was 157.1 㺽. The spacing 
between the electrodes is 10 mm and the height of the electrodes is 40 mm. The c-value = r0/ R0[27] of the toroidal 
electric sector field is 0.033, where r0is the radius of the main path and R0is the axial radius of curvature of the 
middle equipotential surface. The toroidal electric fields were generated by the use of Matsuda plates [28] on simple 
cylindrical sectors. The path length of one cycle was 1.308m. This ion optical system satisfied the conditions of 
‘perfect focusing’ [29]: namely the ions returned to their point of origin in the system in terms of both time and 
space.  Therefore, the mass resolution increased as the number of cycles around the instrument increased, without 
compromising ion transmission. A photograph of the multi-turn TOF mass spectrometer is shown in Fig, 4. The 
precision of manufacturing is better than ±20 Pm. 
404 M. Toyoda et al. / Physics Procedia 1 (2008) 401–411
 M. Toyoda et al. / Physics Procedia 00 (2008) 000–000 5
Fig.3.  Ion trajectories of the ‘MULTUM II’ geometry multi-turn TOF mass spectrometer simulated by ‘TRIO-DRAW’.  
(a) top view, (b) x-direction, and (c) y-direction. 
Fig. 4.  Photograph of the multi-turn TOF mass analyzer (MS1). 
2.4. Ion gate and collision cell 
An ion gate and a differentially pumped collision cell were introduced between the multi-turn TOF mass 
spectrometer and the quadratic-field ion mirror. The ion gate consists of two parallel square plates of 10 mm with 10 
mm spacing between plates. One plate is always maintained at elevated potential. A high voltage pulse, which 
switches from +1 kV to 0 V, was applied on the other plate in order to open the ion gate. A typical pulse width was 
between 100 to 300 ns. 
The collision cell was able to be flooded with a choice of collision gases, typically argon while the pressure was 
regulated by means of a needle valve. Typical collision cell pressures were in the range of 10-3Pa to 10-2Pa, as 
estimated from the differential pumping regime with a direct measurement in the differentially pumped chamber. 
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Two apertures of 1mm diameter in a 1mm thick wall on both sides of the 10 mm collision cell were used to allow 
the ion beam to go through the collision cell. The collision cell is grounded which results in laboratory collision 
energy of 20 keV. 
2.5. Second-stage mass spectrometer (MS2): quadratic-field ion mirror 
A quadratic-field ion mirror is used to describe a field in which the potential, U, changes along the optical axis z
of the instrument shown in the expression 
ܷሺݖሻ ൌ ௞
ଶ
ሺݖ െ ܽሻଶ ൅ ܥ (2) 
where k and C are constants and a is the value of z at the position of the potential minimum.  The equation of motion 
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where q/m is the specific charge of the ion (hence q = Z e where Z is the number of electronic charges of an ion). 
Adopting q/m> 0 and k> 0, a solution of Eq. (3) is readily obtained: 
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Ȧis the frequency of oscillations, z0is the initial coordinate of the ion, and V0is the accelerating potential of the ion. 
From Eq. (4) it is obvious that after integer numbers of half periods (i.e. after each reflection in the field), the period 
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In designing multi electrode ion mirrors with uniform spacing, the potentials on the electrodes are chosen so as to 
equal the required potentials on the plane of the electrode centers. For any non-uniform field, the above approach 
generally results in non-zero harmonics [30]. Ion mirrors with quadratic fields, odd harmonics become nonzero and 
can reach quite substantial values. An increase in the number of electrodes reduces these harmonics almost 
proportionally. For this reason, the MS2 mirror consisted of 33 electrodes, plus two rear electrodes. 
Fig. 5 shows a drawing of the quadratic-field ion mirror. In this mirror, the spacing between electrodes was not 
uniform and the applied potential difference between adjacent electrodes was fixed. The distances of electrodes were 
optimized using potential field calculations with the ion optics simulation program SIMION 3DTMversion 7.0 
(Scientific Instrument Services, Inc., NJ, USA). The calculated distances of electrodes are listed in Table 1. The 
field sustaining electrodes fall into three groups. Electrodes from 1-4 with a potential difference of 250V, electrodes 
5-12 with potential difference of 500 V and electrodes 12-33 at the end of the ion mirror with potential difference of 
1000V (see Table  1). The final electrode at the rear part of the mirror was maintained at 25kV. The potentials were 
generated by using a resistor chain inside the vacuum chamber. Each electrode aperture has the shape of a rounded 
rectangle, consisting of two congruent semicircles of 35 mm radius and two equal and parallel lines of 130 mm 
length (Fig. 5). The ions entered the ion mirror via a 5 mm diameter aperture which is at a position of 22 mm from 
center of the electrode. The ion mirror was tilted at 2.5 degrees on the horizontal plane in order to facilitate the 
collection of the ions at the micro channel plate (MCP). In the previous instrument at Warwick, low-mass fragments 
were not detected because of the small physical size of the 25 mm diameter active area MCP. Therefore, the large 
size (100 mm (horizontal) × 70 mm (vertical)) of MCP (F2396-24SX, Hamamatsu Photonics, Hamamatsu, Japan) 
which has been produced under a special order was employed in this new ion mirror. 
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Fig. 5. Isometric drawing of the quadratic-field ion mirror (MS2). 
Table 1  
The calculated distances of electrodes and applied voltages. 




Applied Voltage (V) Potential difference 
between adjacent 
electrodes (V) 
1 0 0 250  
2 32 32 250 250 
3 50 18 500 250 
4 65 15 750 250 
5 77 12 1000 500 
6 98 21 1500 500 
7 116 18 2000 500 
8 132 16 2500 500 
9 146 14 3000 500 
10 159 13 3500 500 
11 171 12 4000 500 
12 183 12 4500 500 
13 194 11 5000 1000 
14 214 20 6000 1000 
15 232 18 7000 1000 
16 250 18 8000 1000 
17 266 16 9000 1000 
18 281 15 10000 1000 
19 296 15 11000 1000 
20 310 14 12000 1000 
21 324 14 13000 1000 
22 336 12 14000 1000 
23 349 13 15000 1000 
24 361 12 16000 1000 
25 373 12 17000 1000 
26 384 11 18000 1000 
27 395 11 19000 1000 
28 406 11 20000 1000 
29 416 10 21000 1000 
30 427 11 22000 1000 
31 437 10 23000 1000 
32 446 9 24000 1000 
33 456 10 25000  
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2.6. Control program of ion flight 
A block diagram of the timing control system is shown in Fig. 6. A digital pattern generator (MODEL 555 Pulse 
Generator, Berkeley Nucleonics, CA, USA) supplied the timing signals to the ion source, the sector electrodes I and 
IV and the digital oscilloscope.  The ions were extracted from the ion source by applying the pulsed voltage to the 
extraction grid at 1.2 ȝs after laser irradiation; the time delay provided space-velocityfocusing [31]. The voltage at 
Sector IV was turned off when ions were injected into the multi-turn system. After the ions had been injected into 
the circuit, the voltage at SectorIV was turned on. Finally, the voltage at Sector I was turned off to allow the ions to 
pass into the collision cell, after the preset number of cycles. An ion gate was used to isolate the peak of interest 
before entering the collision cell. Product ions by means of CID were analyzed by the quadratic-field ion mirror and 
detected by the detector. The time of flight was measured by a digital oscilloscope (LC564DL, LeCroy Japan, 
Osaka, Japan). 
Fig. 6.  Block diagram of the pulse control system of the MULTUM-TOF/TOF 
2.7. Sample preparation 
Liquid matrix was used for MALDI in this study. As reported by Kumar Kolli et al., this viscous liquid with a 
self-healing surface provides very long-lasting and reasonably constant ion currents for over 1 hour [32]. This 
property favors the fine tuning of instrumental parameters. The matrix solution was prepared by dissolving 35 mg 
of3-aminoquinoline (Sigma-Aldrich, St. Louis, MO, USA) in 150 ȝL of a saturated solution of Į-cyano-4-
hydroxycinnamic acid (Sigma-Aldrich) in methanol. The matrix solution was then mixed at ratios of 1:1, with 
100 ȝM angiotensin I (Peptide Institute, Osaka,Japan) solution (dissolved in 50% v/v acetonitrile/H2O and with an 
addition of 0.1%trifuloroacetic acid (TFA)). 
3. Results and discussion 
The experiments were carried out at a background pressure of 6.5 × 10–6Pa in the analyzer portion. The voltage 
applied to the sample plate was 20.0 kV with a -1.2 kV pulse applied to the extraction plate after a time delay of 
1.2 ȝs, while the rear of the quadratic-field ion mirror was maintained at 25.0 kV. A voltage –1.9 kV was applied to 
the ion detector. The sampling rate of the digital oscilloscope was 2 GS/s, and the TOF spectra were obtained by 
accumulating 100 spectra on the digital oscilloscope; CID spectra were obtained by accumulating 3000 spectra at a 
repetition frequency of 5 Hz. 
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The MALDI-TOF spectrum of angiotensin I after 26 cycles is shown in Fig. 7 (a).Fig.7 (b) shows the TOF 
spectrum of the monoisotopic peak of the angiotensin I where the ions were isolated by the ion gate. A mass 
resolution greater than 20,000 was easily achieved for precursor ion selection. The signal ringing was observed after 
peaks due to impedance matching problems of the large MCP. These results indicate that multi-turn TOF mass 
spectrometers provide very high precursor ion selective capabilities. The multi-turn TOF mass spectrometer could 
easily expand the time separation between peaks by increasing the number of cycles in order to achieve high-
resolution precursor ion selection. 
Time of Flight (PS)
Fig. 7.  MALDI-TOF spectra of angiotensin I. (a) Whole isotope distribution of angiotensin I.  
(b) Monoisotopic ion (m/z 1296.69) has been isolated and transmitted. 
m/Z
Fig. 8. High energy CID spectrum of angiotensin I from monoisotopic peak. 
Fig.8 shows the CID spectrum of the monoisotopicaly isolated precursor ions of angiotensin I when argon was 
used as collision gas. All mass range of fragment ions were detected with resolving power greater than 1000. In the 
spectrum shown in Fig.8, a- and d-type ions were mainly observed, and b- and y-type ions were not observed 
preponderantly. High energy fragmentation of peptides usually results in the generation of more cleavages along the 
peptide chain, compared to those of observed in low energy CID.  In addition high energy CID may also result in 
amino acid side chain cleavages. It is well known that basic amino acids such as arginine, histidine, and lysine, 
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when present at ornear the peptide N-terminus (angiotensin I has arginine near the N-terminus), result in the 
preponderance of a- and d-type fragment ions in the MS/MS spectrum. Our results are indicative of high energy 
collisions observed at magnetic sector instruments, and not at conventional MALDI TOF/TOF instruments with 
laboratory frame collision energy below3keV. Comparison with high-energy collisions from a four-sector tandem 
mass spectrometer is shown in Fig. 9 (a) (Fig.3, p.162, Encyclopedia of Mass Spectrometry,volume2, Elsevier Ltd. 
(2005))[33]. Conventional MALDI-TOF/TOF tandem mass spectrometer shown in Fig.9 (b) (Fig. 4, p.163, 
Encyclopedia of Mass Spectrometry,volume2, Elsevier Ltd. (2005)) [33] do not have many similarities to the spectra 
obtained using the tandem multi-turn TOF mass spectrometer described here. Fragment ions in Fig.9 (b) seem to be 
the result of both high energy CID and PSD. In our instrument, the fragment ion resulted in PSD were not observed, 
because metastable ions dissociated during the flight could not pass through the electric sector. This indicates that 
only high energy fragmentation products have been observed in our experiments. 
(a) 
(b) 
Fig. 9.  FAB-MS/MS spectrum (a) and MALDI-TOF/TOF spectrum (b) of angiotensin I.(Encyclopedia of Mass Spectrometry, volume2) 
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4. Conclusion 
A new multi-turn tandem TOF mass spectrometer MULTUM-TOF/TOF has been designed and constructed. It 
consisted of a MALDI ion source, a multi-turn TOF mass spectrometer and a quadratic-filed ion mirror. High mass 
resolving power precursor ion selection could be achieved by using the multi-turn TOF mass spectrometer as a MS1. 
The quadratic-field ion mirror allowed simultaneous detection of all fragment ions with high mass resolution. It has 
been demonstrated that the fragment ions as a result of high energy CID could be mainly observed. These ions can 
be exploited to characterize more precisely the structure of the analytes. 
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